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Abstract

Aims: To analyse the effect of cell-associated peptidases in yogurt starter
culture strains Lactobacillus delbrueckii ssp. bulgaricus (LB) and Streptococcus
thermophilus  (ST) on milk-protein-based antimicrobial and hypotensive
peptides in order to determine their survival in yogurt-type dairy foods.

Methods and Results: The 1lmer antimicrobial and 12mer hypotensive milk-
protein-derived peptides were incubated with mid-log cells of LB and ST,
which are required for yogurt production. Incubations were performed at pH
45 and 70, and samples removed at various time points were analysed by

+ reversed-phase high-performance liquid chromatography (RP-HPLC). The pep-

tides remained mostly intact at pH 45 in the presence of ST strains and mod-
erately digested by exposure to LB cells. Peptide loss occurred more rapidly
and was more extensive after incubation at pH 7-0.

Conclusions: The 1lmer and 12mer bioactive peptides may be added at the
end of the yogurt-making process when the pH level has dropped to 4-5, limit-
ing the overall extent of proteolysis.

Significance and Impact of the Study: The results show the feasibility of using
milk-protein-based antimicrobial and hypotensive peptides as food supple-
ments to improve the health-promoting qualities of liquid and semi-solid dairy
foods prepared by the yogurt fermentation process.

the market in Japan (Nakamura et al 1995a,b; Hayes
et al. 2007). To date, these types of antihypertensive

Over the years, scientists have sought methods to impart
potential health benefits to dairy foods. There have been
numerous reports of milk-based proteins and peptides

that have hypotensive (Gobbetti ef al. 2002; FitzGerald

et al. 2004) or antimicrobial properties (Hoek ef al, 1997;
Minervini et al. 2003) that are released upon proteolysis
of whey proteins (Meisel and Bockelmann 1999). A 12
amino acid fragment of w-casein with the sequence
FFVAPFPEVFGK has an inhibitory effect on the angioten-
sin-I-converting enzyme (ACE) (Maruyama ef al. 1987;
Karaki ef al. 1990; Townsend et al. 2004) and therefore
may potentially reduce peripheral blood pressure and be
an effective antihypertension treatment (Ondetti et al.
1977). A few food products have been developed that
have utilized milk-derived ACE-inhibitory peptides,
including Ameal S, a tablet-form sour milk product on
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compounds have not been incorporated into any available
fermented dairy products like cheese or yogurt.
Lactoferrins are mammalian iron-binding glycoproteins
that are known to exhibit broad spectrum antimicrobial
activity (Strom et al 2000). Enzymatic digestion of
bovine (Tomita et al. 1991) and human (Bellamy ¢t al
1992) versions of these proteins results in smaller peptides
(known as lactoferricins) that exhibit antimicrobial activ-
ity. Synthetic and enzymatic truncations of the full lacto-
ferrin proteins have yielded sequence domains in the
original molecule that are required for antimicrobial
activity (Hoek et al. 1997; Strom eral. 2000, 2001).
Digestion of bovine lactoferrin with pepsin releases an
Ilmer peptide (RRWQWRMKKLG) with potent antimi-
crobial activity (Kang er al. 1996) that may be commer-
cially applicable in the food industry as a safe and
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effective biopreservative (Papagianni 2003; Chatterjee
er al. 2003).

Because the peptides described here are both derived
from milk proteins. it may be possible to utilize the
12mer antihypertensive peptide or the 1lmer antimicro-
bial lactoferrin fragment in dairy food products prepared
by a yogurt fermentation process. The major limitation
in this application lies in the presence of the starter cul-
tures Streptococcus thermophilus (ST) and Lactobacillus
delbrueckii ssp. bulgaricus (LB) that are needed for milk
fermentation. However, the cell-associated peptidases of
these lactic acid bacteria (LAB) may inactivate the bioac-
tive peptides by hydrolysing them to amino acids (Gilbert
etal. 1996; Siezen 1999; Fernandez-Espla ef al. 2000;
Courtin et al. 2002).

In this report, we describe the changes in the structural
integrity of the milk-protein derived antimicrobial 11mer
and the hypotensive 12mer peptide after exposure to live
cells of selected LAB under conditions simulating yogurt
fermentation.

Materials and methods

Bacterial strains, growth media and resting cell assays

All bacterial strains used were from an in-house collec-
tion. The ST strains ST101, ST108 and ST119 were grown
in TYL (Tryptone-Yeast extract-Lactose) broth (Somkuti
and Steinberg 1986), while LB strains LB6, LBil and
LB20 were grown in deMan, Rogosa and Sharpe medium
(MRS; Becton Dickinson, Sparks, MD, USA). All 5T and
LB cultures were propagated at 37°C.

The 1lmer antimicrobial and the 12mer hypotensive
peptides were synthesized by EZBiolab, Inc. (Westfield,
IN, USA). The sensitivity of the peptides to putative cell-
bound peptidase enzyme activity was tested by using rest-
ing cell suspensions of ST and LB strains prepared from
mid-exponential phase (ODggp = 0-5) cultures (20 ml per
tube). The cultures were centrifuged at 10 000 g for
15min at 4°C. Cell pellets were washed twice in
10 mmol 17! phosphate buffer (pH 4-5 or 7:0) and recon-
stituted in 1 ml of 10 mmol I"' phosphate buffer, repre-
senting a 20-fold increase in cell density. Cell suspensions
were incubated with the 11mer or 12mer peptides at 37°C.

RP-HPLC time studies

The 11mer antimicrobial and 12mer hypotensive peptides
were used at 500 ug ml™' concentration in assays to test
their sensitivity to LAB. Aliquots from these assays were
removed and analysed by reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) carried out on
an Agilent 1200 instrument using a Vydac C18 peptide
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column (5 mm x 46 mm x 250 mm). The following
conditions were utilized for the RP-HPLC runs: flow rate
of 1 ml min™" at 25°C; solvent A is 0-1% trifluoroacetic
acid (Sigma-Aldrich) in Millipore water; solvent B is
0-086% trifluoroacetic acid in acetonitrile (Mallinckrodt
Baker Inc., Phillipsburg, NJ).. Analysis was performed
using a linear elution gradient of 5-100% solvent B (95—
0% solvent A) over 50 min for all samples. Absorbance
was recorded at 220 nm using Agilent ChemStation™
HPLC software. Peaks corresponding to peptide degrada-
tion products were collected using an Agilent 1200 series
fraction collector and analysed by matrix-assisted laser
desorption ionization-time of flight/time of flight mass
spectrometry (MALDI-TOF/TOF MS), employing an
Applied Biosystems 4700 Proteomics Analyzer — MALDI-
TOE/TOF instrument (Applied Biosystems, Foster City,
CA). Mass spectral data were further analysed using the
FindPept tool provided by the ExPASy Proteomics server
(http://www.expasy.ch). The amount of 11mer or 12mer
peptide remaining after exposure to nonproliferating bac-
terial cells was calculated using a standard curve con-
structed for each peptide by measuring the absorption of
stock solutions (0-25 ug ml™') at 220 nm.

Results

Sensitivity of 11mer peptide RRWQWRMKKLG to ST

The antimicrobial 11mer peptide was incubated with cells
of ST strains ST101, ST108 and ST119 to determine the
extent of proteolytic breakdown as a function of time.
RP-HPLC analysis of samples of the I11mer peptide taken
during exposure to cell suspensions of ST108 at pH 45
indicated insignificant degradation over the span of 4 h
(Fig. 1a). Furthermore, calculation of residual peptide
concentration showed that even after 4 h exposure pep-
tide loss varied from 1% to 13%, depending on the ST
strain used (Table 1). However, incubation of the llmer
peptide at pH 70 indicated that a significant portion of
the peptide was already lost after 30 min of exposure
(Fig. 1b) and that proteolysis was complete within 2 h
(Fig. 1c). HPLC analysis of samples treated with nonpro-
liferating cells of strains ST101 and ST119 yielded similar
results under the same conditions (data not shown). Cal-
culation of peptide concentrations confirmed a grealer
peptide loss that occurred more rapidly at pH 70
(Table 1).

RP-HPLC analysis of samples showed that treatment of
the Tlmer peptide with cell suspensions of LB strains
resulted in varying degrees of proteolysis at both pH 45
and 7-0. The extent of proteolysis was time dependent,
and the amounts of 11mer peptide remaining after expo-
sure at pH 45 and 7:0 are shown in Table 1. The 1lmer
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Figure 1 C18 RP-HPLC chromatograph of 11mer peptide with ST108
cells (a) before and after 4 h treatment, pH 4-5; (b) after 30 min, oH
7:0; and {c) after 2 h, pH 7:0 [{*) designates the pesk collected for
MS analysis].

Table 1 The effect of pH on the hydrolysis of 11mer antimicrobial
peptide by Streptococcus thermophius (ST) and  Lactobacillus
delbrueckii ssp. bulgaricus {LB) strains

Incubation % Peptide
Strain (pH) time (h) remaining
Control-no bacteria (7-0) 0 100
ST101 {4-5) 4 91
5T108 {4-5) 4 =09
ST119 (4-5) 4 87
ST101 (7-0) 1 15
5T108 (7-00 o5 48
ST108 (7-0) 2 <01
5T119 (7-0) 1 4
LB6 (4-5) 3 >99
LB11 (4-5) 2 84
LB20 (4-5) 1 70
LB20 (4-5) 4 35
LBE (7-0) 1 ]
LB11 (7-0) 05 <01
LB20 (70} 05 <01
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peptide remained stable in the presence of LB6 at pH 45
even after 3 h, while exposure to strain LB11 for 2 h or
to strain LB20 for 4 h resulted in 16% and 65% loss of
the peptide, respectively. Time studies with LB strains at
pH 7-0 showed that proteolysis of the 11mer peptide was
more extensive and that degradation of the peptide by
LBI1 was nearly complete after 30 min (Table 1). Similar
results were obtained with strains LB6 and LB20.

Mass spectrometric analysis of degradation products
produced by incubation of the 11mer peptide with both
LB and ST cells at pH 7-0 revealed that the major product
present after incubations in all cases was the peptide
WQWRM (m/z = 8061, Fig. lc). This fragment corre-
sponds to residues 3-7 of the intact peptide,
RRWQWRMKKLG (MS data not shown). Masses corre-
spanding to sequential loss of the Argl (m/z = 1388) and
Arg2 (m/z 1247 with methionine oxidation) as well as a
peptide consisting of residues 3-8 with cleavage after
Arg2 and Lys8 (m/z 953 with methionine oxidation) were
also observed.

Sensitivity of 12mer peptide FFVAPFPEVFGK to ST and
LB cells

RP-HPLC analysis of the antihypertensive 12mer peptide
following treatment with nonproliferating cells of strains
ST101, ST108 and ST119 at pH 45 showed a moderate
reduction in peptide concentration (Fig. 2a), with 66%,
70% and 78% of the peptide remaining intact, respectively,
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Figure 2 Chromatograph of 12mer peptide incubated with 5T119
cells before and after 4 h (a) at pH 4'5 and (b) at pH 7:0 [{*) desig-
nates the 2-to-12 truncated degradation product and (®) corresponds
to the 3-t0-12 residue peptidel.
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Table 2 The effect of pH on the hydrolysis of 12mer hypotensive
peptide by Streptococcus thermophilus (ST) and Lactobacillus del-
brueckii ssp. bulgaricus (LB) strains

Incubation % Peptide
Strain {pH} tima (h) remaining
Control-no bacteria (4-5) 0 100
ST101 (4-5) 4 66
ST108 (4-5) 4 70
ST119 (4-5) 4 78
ST101 (7-0) 4 22
ST108 (7-0) 4 18
ST119 (7-0) 4 33
LBG (45} 4 75
LB20 (4-5) 4 74
LB11 {45) 4 69
LB (7-0) 4 34
LB11 (7-0} 1 <1
LB20 (7-0) 3 <1

even after 4 h of incubation (Table 2). Although exposure
of the 12mer peptide to ST strains at pH 70 showed
significant proteolytic degradation of the peptide (Fig. 2b),
leading to a 78%, 82% and 67% loss in the presence of
STI101, ST108 and STI19, respectively (Table 2), these
losses were lower than that observed with the 1lmer
peptide (Table 1), suggesting that the 12mer hypotensive
peptide was more resistant to proteolysis by ST peptidases.
Similar results were obtained with the 12mer peptide when
incubated with the LB cells. At pH 45, HPLC analysis
indicated only limited degradation during the first 60 min,
and no further observable peptide loss occurred after 2, 3
or 4 h of incubation (data not shown). After 4 h, the loss
of 12mer peptide was between 25% and 30%, depending
on the LB strain used (Table 2). At pH 7:0, the 12mer
peptide was more resistant to proteolytic degradation by
LB6, with c. 33% of the peptide remaining intact even after
4 h of incubation, while exposure to LB11 and LB20 cells
resulted in nearly total loss of the peptide (Table 2).

Analysis of the degradation products isolated after
incubation of the 12mer with ST and LB cells at pH 70
revealed masses corresponding to sequential cleavages of
the first few residues from the N-terminus of the peptide.
The incubations with the ST cells yielded the 2-to-12
residue peptide FVAPFPEVFGK as the major degradation
product with the 3-to-12 residue peptide VAPFPEVEGK
also present in smaller quantities (Fig. 2b). Samples of the
LB incubations contained many more peaks whose
masses corresponded to the 2-to-12 and 3-to-12 truncated
peptide as well as the 4-to-12 and 5-to-12 sequences.

The concentration of 11mer and 12mer peptides were
also determined in samples stored for 10 days at 4°C
following incubation with ST and LB cells at pH 4-5. The
results obtained were no different from that shown in
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Tables 1 and 2, indicating the stabilizing effect of refriger-
ation that apparently prevents or minimizes additional
peptide loss caused by proteolysis.

Discussion

Yogurt fermentation takes place in distinct phases that
are influenced by two synergistically interacting bacterial
cultures, ST and LB (Radke-Mitchell and Sandine 1986).
The early phase of the fermentation (pH 6:5-53) is
governed predominantly by the ST component, which
produces growth factors that stimulate growth of LB at
lower pH values (Vinderola et al. 2002). Both cultures
produce lactic acid that lowers the pH to 4-25-4'5, which
is characteristic of the final product (Shah 2000). To con-
sider the introduction of any potentially therapeutic or
beneficial compound into this system, it is necessary to
examine the influences of these two strains of bacteria on
the supplemented material at both low and high pH (4-5
and 7-0).

The presence and activities of cell-associated proteases
in both ST and LB strains have been well documented
(Siezen 1999). Lactobacilli are reported to have high cell
surface proteinase activity (Gilbert et al. 1996), while
most strains of ST have little to no cell-associated prote-
ase activity (Fernandez-Espla er al. 2000). This is evi-
denced by comparing the degradation products obtained
from incubations with the ST and the LB cells at pH 7-0.
The overall digestion pattern of the 1lmer peptide was
identical between the ST and LB cells, with evidence of
specific cleavage at the basic arginine and lysine residues
within the peptide. However, digestion of the 12mer pep-
tide showed that overall degradation by the ST cells was
less extensive, resulting in fewer peptide fragments, than
in the case of LB cells.

Furthermore, digestion of the 12mer peptide by the LB
cell-associated peptidases appears to be inhibited once a
proline residue is encountered, resulting in the smallest
fragment observed corresponding to the sequence
PEPEVEGK. This suggests that it may be possible to limit
overall proteolysis through mutation of an earlier residue
or introduction of an N-terminal proline that may inhibit
the peptidases, providing that bioactivity is not compro-
mised.

The addition of bioactive peptides at the start of yogurt
fermentation by ST and LB strains may result in extensive
degradation because of the cumulative effect of LAB
peptidase/protease activities before the fermentation is
complete, thus limiting the commercial utilization of
milk-based antihypertensive and antimicrobial peptides as
bioactive food supplements. However, our results show
that application of compounds such as the bioactive
12mer (hypotensive) or the 11mer (antimicrobial) peptide
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in fermented dairy foods may be possible if they are
added after the pH level is lowered because of vigorous
cell growth and lactic acid production by the ST and LB
starter cultures. The integrity of the peptides is apparently
protected at or below pH 4'5 and a significant portion of
the peptides remains intact even after 4 h of contact with
cells of ST or LB strains. Because ST and LB strains are
always used in combination as starter cultures in yogurt
fermentation, care should be taken to pair strains with
moderate levels of peptidase/protease activity (see
Tables 1 and 2). This would ensure that even the cumula-
tive effect of ST and LB peptidase/protease activities
would not cause a total elimination of the bicactive pep-
tides when used as health-promoting or food-protective
supplements in fermented dairy foods.

Although the results of work described here suggest
that the addition of bioactive peptides should take place
at or near the end of fermentation (pH 4:25-4-5), this
may not be possible under conventional yogurt manufac-
turing conditions without disturbing or destroying the
integrity of the coagulum. However, health-promoting
bioactive peptides found in milk proteins may be conve-
niently blended into drinkable yogurt-like products that
have significantly increased in popularity and consumer
acceptance.

Acknowledgements

We would like to thank D. Steinberg for providing
technical assistance, and L. Fortis and Dr A, Nunez of the
ERRC Integrated Biomolecular Resources Unit for
MALDI-TOE/TOF mass spectrometry support.

References

Bellamy, W., Takase, M., Yamauchi, K.. Wakabayashi, H
Kawase, K. and Tomita, M. (1992) Identification of the
bactericidal domain of lactoferrin. Biochim Biophys Acia
1121, 130-136.

Chatterjee, C,, Paul, M,, Xie, L. and van der Donk, W.A.
(2005} Biosynthesis and mode of action of lantibiotics.
Chem Rev 105, 633-684.

Courtin, P., Monnet, V. and Rul, E. {2002) Cell-wall proteinas-
es PrtS and PriB have a different role in Streptococcus ther-
mophilus/ Lactobacillus bulgaricus mixed cultures in milk.
Microbiology 148, 3413-3421.

Fernandez-Espla, M.D., Garault, P., Monnet, V. and Rul, F.
(2000) Streptococcus thermophilus cell wall-anchored pro-
teinase: release, purification, and biochemical and genetic
characterization. Appl Environ Microbiol 66, 4772-4778.

FitzGerald, R.J., Murray, B.A. and Walsh, D.J. (2004) Hypo-
tensive peptides from milk proteins. | Nutr 134,
9805-988S.

& No claim to US Government works 49 (2009} 345-350

Bacterial &egradation of bioactive peptides

Gilbert, C., Atlan, D., Blanc, B., Portailer, R.. Germond, J.E.,
Lapierre, L. and Mollet, B. (1996) A new cell surface
proteinase: sequencing and analysis of the prtB gene from
Lactobacillus delbrueckii ssp. bulgaricus. | Bacteriol 178,
3059-3065.

Gobbetti, M., Stepaniak, L., De Angelis, M., Corsetti, A, and

. Di Cagno, R. (2002) Latent bioactive peptides in milk
proteins: proteolytic activation and significance in dairy
processing. Crit Rev Food Sci Nuur 42, 223-239,

Hayes, M., Stanton, C,, Slattery, H., O’Sullivan, Q., Hill, C.,
Fitzgerald, G.F. and Ross, R.P. (2007) Casein fermentate of
Lactobacillus animalis DPC6134 contains a range of novel
propeptide angiotensin-converting enzyme inhibitors. Appl
Environ Microbiol 73, 46584667,

Hoek, K.S., Milne, .M., Grieve, P.A., Dionysius, D.A. and
Smith, R. (1997) Antibacterial activity in bovine lactofer-
rin-derived peptides. Antimicrob Agents Chemother 41,
54-59.

Kang, .H., Lee, M.K,, Kim, K.L. and Hahm, K.S. (1996) Struc-
ture-biological activity relationships of 11-residue highly
basic peptide segment of bovine lactoferrin. It ] Pept
Protein Res 48, 357-363.

Karaki, H., Doi, K., Sugano, S., Uchiwa, H., Sugai, R.,
Murakami, U. and Takemoto, S. (1990) Antihypertensive
effect of tryptic hydrolysate of milk casein in spontane-
ously hypertensive rats. Comp Biocherm Physiol C 96,
367-371.

Maruyama, S., Mitachi, H., Awaya, J., Kurono, M., Tomizuka,
N. and Suzuki, H. (1987) Angiotensin I-converting enzyme
inhibitory activity of the C-terminal hexapeptide of
g -casein. Agric Biol Chem 51, 2557-2561.

Meisel, H. and Bockelmann, W. (1999) Bioactive peptides
encrypted in milk proteins: proteolytic activation and thro-
pho-functional properties. Antonie Van Leeuwenhoek 76,
207-215.

Minervini, F., Algaron, F., Rizzello, C.G., Fox, P.F., Monnet,
V. and Gobbetti, M. (2003) Angiotensin I-converting-
enzyme-inhibitory and antibacterial peptides from Lacto-
bacillus helveticus PR4 proteinase-hvdrolyzed caseins of
milk from six species. Appl Environ Microbiol 69, 5297—
5305,

Nakamura, Y., Yamamoto, N., Sakai, K., Okubo, A., Yamazaki,
S. and Takano, T. (1995a) Purification and characteriza-
tion of angiotensin I-converting enzyme inhibitors from
sour milk. J Dairy S¢i 78, 777-783.

Nakamura, Y., Yamamoto, N., Sakai, K. and Takano, T.
(1995b) Antihypertensive effect of sour milk and
peptides isolated from it that are inhibitors o
angiotensin [-converting enzyme. ] Dairy Sci 78, 1253—
1257.

Ondetti, M.A., Rubin, B. and Cushman, D.W. (1977) Design
of specific inhibitors of angiotensin-converting enzyme:
new class of orally active antihypertensive agents, Science
196, 441444,

349



Bacterial degradation of bioactive peptides

Papagianni, M. (2003) Ribosomally synthesized peptides with
antimicrobial properties: biosynthesis, structure, function,
and applications. Biotechnol Adv 21, 465-499,

Radke-Mitchell, L.C. and Sandine, W.E. {1986} Influence of
temperature on associative growth of Streptococcus thermo-
philus and Lactobacillus bulgaricus. ] Dairy Sci 69, 2558
2568.

Shah, N.P. (2000) Probiotic bacteria: selective enumeration
and survival in dairy foods. ] Dairy Sci 83, 894-907.

Siezen, R.J. (1999) Multi-domain, cell-envelope proteinases of
lactic acid bacteria. Antonie Van Leeuwenhock 76,
139-155.

Somkuti, G.A. and Steinberg, D.H. (1986) Distribution and
analysis of plasmids in Streptococcus thermophilus. J Ind
Microbiol 1, 157-163.

Strom, M.B., Rekdal, O. and Svendsen, 1.5. (2000) Antibacte-
rial activity of 15-residue lactoferricin derivatives. J Pept
Res 56, 265-274.

350

M. Paul and G.A. Somkuti

Strom, M.B., Rekdal, O., Stensen, W. and Svendsen, [.S.

(2001) Increased antibacterial activity of 15-residue murine
lactoferricin derivatives, | Pepr Res 57, 127139,

Tomita, M., Bellamy, W., Takase, M., Yamauchi. K.,
Wakabavashi, H. and Kawase, K. (1991) Potent antibacte-
rial peptides generated by pepsin digestion of bovine
lactoferrin. J Dairy Sci 74, 4137-4142.

Townsend, R.R., McFadden, C.B., Ford, V. and Cadee, J.A.
(2004) A randomized, double-blind, placebo-controlled
trial of casein protein hydrolysate (C12 peptide) in human
essential hypertension. Am J Hypertens 17, 1056—1058.

Vinderola, C.G., Mocchiatti, P. and Reinheimer, J.A. {2002)
Interactions among lactic acid starter and probiotic bacte-
ria used for fermented dairy products. J Dairy Sci 85,
721-729.

& Mo claim to US Government works 48 (2009} 345-350



